INTRODUCTION
The Chernobyl nuclear reactor accident in Ukraine, a Republic of the former Soviet Union at the time, began during the night of April 26, 1986 . Two explosions, the result of a flawed reactor design coupled with a series of operator mistakes during a systems test, destroyed reactor unit 4 and led to large radioactive releases for approximately 10 days. Most of the radioactive releases from the Chernobyl accident were deposited over Ukraine, Belarus and Russia, and to some extent over other parts of Europe. The short-lived 131 I (half-life 8 days) and the long-lived 137 Cs (half-life 30 years), were particularly significant for the radiation doses received by the exposed populations at different time periods after the accident. Iodine-131 led to considerable thyroid exposure of local residents through inhalation and ingestion of contaminated foodstuffs, especially milk. Cesium-137 continues to give rise to external and internal radiation exposure.
This commentary summarizes the presentations and discussions from the 2016 Gilbert W. Beebe Symposium hosted by the National Academies of Sciences, Engineering, and Medicine (the National Academies) titled ''30 years after the Chernobyl accident: Current and future studies on radiation health effects.'' The symposium focused on the health consequences of the Chernobyl accident, looking retrospectively at what has been learned and prospectively at potential future discoveries using emerging 21st Century research methodologies.
The Gilbert W. Beebe Symposium was established by the National Academies in 2002 to honor the scientific achievements of the late Dr. Gilbert W. Beebe. The 2016 Gilbert W. Beebe Symposium topic was most appropriate for honoring Dr. Beebe, whose illustrious career in radiation research culminated with studies of the consequences of the Chernobyl accident. He was quick to recognize the potential for generating new understanding of radiation risks and launched multidisciplinary studies of workers and the general population in cooperation with investigators from Belarus and Ukraine. The collaborations he set in motion produced important work, including the identification of the epidemic of thyroid cancer in children (1, 2) . Many of the studies initiated by Dr. Beebe continue today.
Symposium presenters reported both recent well-established research findings published in scientific journals as well as preliminary observations that have not yet undergone thorough formal scientific peer review. In the latter cases, the authors of this Commentary declare them as such and attribute them to a specific symposium presenter (the investigator's name and affiliation is provided in parenthesis). Where appropriate, specific strengths and limitations of the studies are mentioned.
Here, we report the findings and preliminary observations from the studies as they were presented at the symposium or in the original literature cited at the symposium. As a consequence, in this Commentary there is variation of quantities used to describe radiation exposure and risk estimates. For example, radiation exposure is described as either absorbed organ dose expressed in gray (Gy) or effective dose expressed in sievert (Sv). Risk estimates may be presented as excess odds ratio per Gy, excess relative risk per Gy or some other form.
This article was prepared by the authors as a factual summary of what occurred at the symposium. The statements made are those of the authors or individual symposium participants and do not necessarily represent the views of all symposium participants or the National Academies.
PLENARY SESSION
Dr. Mikhail Balonov (Institute of Radiation Hygiene, St. Petersburg, Russia) provided an overview of the Chernobyl accident. He noted that reliable information about the accident and the resulting radioactive contamination was initially unavailable. The people residing in the affected areas, including the neighboring city of Pripyat, learned about the accident primarily through hearsay rather than from official government reports. This lack of communication likely contributed to the high levels of exposure of some nearby populations who did not have the information needed to take protective actions.
Dr. Vadim Chumak (National Academy of Medical Sciences of Ukraine, Kiev, Ukraine), described the exposures related to the time course of radiation releases and commented on how they determined the adjacent populations exposed from the Chernobyl accident. These populations, consisting of individuals from Belarus, Russia and Ukraine, can be broadly categorized into the following four groups: Tables 2 and 3 summarize some basic characteristics of major studies of recovery operation workers and of children exposed from the Chernobyl accident.
IMMEDIATE AND LATE HEALTH EFFECTS OF EMERGENCY OPERATION WORKERS
The Chernobyl accident resulted in almost one-third of the reported cases of acute radiation sickness (ARS) that have been studied worldwide to date (20) . The diagnosis of ARS was initially considered for 237 emergency operation workers based on symptoms of nausea, vomiting and diarrhea. It was ultimately confirmed with detailed clinical analyses in 134 individuals. These workers received doses ranging from 0.8 to 16 Gy (see Table 1 ). Twenty-eight of these emergency operation workers died within the first few months after the accident, primarily due to bone marrow failure. Acute radiation sickness did not occur in anyone in the general population exposed to radiation by the Chernobyl accident.
Thirteen workers diagnosed with ARS received allogenic bone marrow transplantation to reverse the bone marrow failure and six received human fetal liver cell transplantation. (Fetal liver cells serve as a source of hematopoietic stem cells.) However, these interventions were not successful for those with ARS from Chernobyl. All but one worker who received allogenic bone marrow transplantation or human fetal liver cell transplantation died. Deaths were due to acute radiation injury effects on the skin, liver and intestines, viral/bacterial infections or, to a lesser extent, transplant complications. The worker who received an allogenic bone marrow transplant but survived had recovered his own marrow and rejected the transplant. Survivors of ARS received long-term treatment including therapy for beta burn fibrosis and skin atrophy as well as for cataracts (20) . Long-term health effects of emergency response workers who were diagnosed with ARS from Chernobyl and survived have not been studied comprehensively. This is because a systematic follow-up of this exposed population as a whole has not been established, presumably due to the difficulties of tracking the cohort, now spread across several countries. A subpopulation of 91 confirmed ARS cases from Ukraine has been followed, however, findings from this subpopulation are expressed solely as death counts without an analysis of expected deaths using a comparison group. As of 2016, there have been 52 deaths among the confirmed ARS cases from Ukraine: 18 from cancer and leukemia, 20 from cardiovascular causes and 17 from other causes (Dr. Dimitry Bazyka, National Academy of Medical Sciences of Ukraine). Lacking a comparison group, these deaths cannot necessarily be attributed to radiation exposure from the Chernobyl accident.
Key Points
The Chernobyl accident resulted in 134 confirmed cases of ARS among emergency response workers. Allogenic bone marrow transplantation and human fetal liver cell transplantation were not successful interventions for those with ARS from Chernobyl. There has been no systematic follow-up of the emergency response workers who were diagnosed with ARS from Chernobyl, presumably due to the difficulties of tracking this cohort, now spread across several countries. This represents a missed opportunity to assess long-term health effects in this population.
LATE HEALTH EFFECTS OF RECOVERY OPERATION WORKERS
Long-term health effects among the much larger population of recovery operation workers, who worked at the Zablotska and colleagues performed a nested case-control study using data from the Ukrainian cohort of recovery operation workers (see Table 2 for some details). The investigators found evidence of a significant linear doseresponse relationship for all types of leukemia (160 cases) after external radiation doses of approximately 100 mGy on average (4). A surprising finding was nonsignificant doseresponse associations of similar magnitude for both non-CLL and CLL (79 cases). CLL has not been clearly linked to ionizing radiation exposure previously. However, most earlier studies had few CLL cases; for example, in the Life Span Study of the Japanese atomic bomb survivors there were only 11 cases (21) .
Nonsignificant increases of both types of leukemia were also reported in cohorts of recovery operation workers in Russia, Belarus and the Baltic countries along with a significant dose-dependent increase in non-Hodgkin lymphoma (NHL) (5), a neoplasm morphologically similar to CLL. A significant time-restricted increase in leukemia (excluding CLL) for the period 1986-1997 was seen in the Russian recovery operation worker cohort (22) .
Kesminiene and colleagues performed a collaborative case-control study of 107 thyroid cancer cases nested in the cohorts of recovery operation workers in Russia, Belarus and the Baltic countries (see Table 2 ). They found a statistically significant dose-response relationship with total thyroid dose (6) . The radiosensitivity of the thyroid gland during childhood had been well established prior to the Chernobyl accident, however, there was little evidence for risks after adulthood exposure (23) . For example, the risk estimates from the Japanese A-bomb survivors exposed in adulthood were ten times lower than those reported by Kesminiene and colleagues (6) . A case-control study of thyroid cancer in recovery operation workers in Ukraine is still in progress.
Ecological studies comparing the cancer incidence rates in the recovery operation workers with the general population have several limitations, but have nevertheless raised interesting hypotheses about possible increases in multiple myeloma and female breast cancer (D. Bazyka).
Additional studies are underway to examine cardiovascular risks after radiation exposure. There is some evidence of an increased risk of heart disease among younger recovery operation workers (less than 40 years old) who received doses greater than 150 mGy. There is also a report of an increase in cerebrovascular disease in the cohort of Russian recovery operation workers (24) . Whether cardiovascular disease (CVD) can be caused by low doses of ionizing radiation is an important public health question (see Other Health Effects section, for further discussion on cardiovascular risks after radiation exposure.)
Key Points
Recovery operation workers likely experienced an increased risk of leukemia, already known to be a radiogenic cancer. Other possible health effects, which were not expected, include a possible increased risk for CLL, NHL, multiple myeloma, thyroid cancer after adulthood exposure and CVD at low radiation doses.
LATE CANCER-RELATED HEALTH EFFECTS IN THE GENERAL POPULATION
Discussions on late cancer-related health effects in the general population focused on thyroid cancer, leukemia and breast cancer.
Thyroid Cancer
Most of the evidence regarding the radiosensitivity of the thyroid gland during childhood has been derived from studies of external exposure, such as the Japanese atomic bomb survivor studies and tinea capitis cohorts (25) . At the time of the Chernobyl accident cancer risks from protracted internal 131 I exposure were uncertain, but it was thought that the risks would be lower than from acute external exposure. As described earlier, the most significant exposures to the general population from the Chernobyl accident were from internal 131 I exposures. The thyroid was the most heavily exposed organ, with young children who evacuated receiving on average 1.5 Gy (see Table 1 ) from ingestion of milk and other contaminated foods.
Dr. Ausrele Kesminiene, [International Agency for Research on Cancer (IARC), Lyon, France], noted that early reports of a rise in thyroid cancer incidence after the Chernobyl accident in the highly affected areas (1) were initially received with skepticism. These studies were mostly ecological and thought to be influenced by increased surveillance and screening. Collaborations among investigators in affected countries, the NCI, IARC and other international institutes resulted in two large cohort studies of exposed children in Ukraine and Belarus, known as UkrAm and BelAm, respectively (see Table 3 ). The UkrAm and BelAm cohorts of approximately 25,000 exposed children have several strengths, including use of dose estimates based on direct thyroid activity measurements. Using interview data, an ecological model is then applied to account for environmental transfer. All the children in these studies were systematically screened to eliminate the impact of surveillance bias on estimates of relative risk.
The UkrAm and BelAm cohorts of exposed children provided definitive evidence that absorption of 131 I increases thyroid cancer risk and that the linear dose response up to 5 Gy is similar in magnitude to the risk from external exposure, even after accounting for dose uncertainties (11) (12) (13) (14) 23) . The excess risk was evident by five years after exposure and remains elevated for more than two decades of follow-up. However, in contrast to the studies of external childhood exposure (23) , a reduced risk with increasing age at exposure was not clearly apparent.
Ecological studies of thyroid cancer in the general population exposed in adulthood suggested higher incidence rates in high-compared to low-exposure regions of Ukraine (26) and Russia (7), but not in Finland (27) , although doses in the Finnish study (27) were generally very low (,0.5 mSv).
Leukemia and Breast Cancer
Leukemia and breast cancer are also highly radiogenic cancers, especially if exposure occurs in childhood. A risk projection analysis for the period 1986-2065 showed that in a population of approximately 11 million residing in the most contaminated regions in Belarus, Russia and Ukraine, there could be 500 additional leukemia cases and 1,000 additional breast cancer cases from radiation exposure (28) . The average whole-body dose in the period of 1986-2005 in this population was 6.1 mSv. These projections have not been verified with epidemiological studies. For reference, the projections for leukemia and breast cancer cases from other causes for the same period were 75,000 and 200,000, respectively.
Although there is some indication of an excess of leukemia among the recovery operation workers after the Chernobyl accident (see previous section), to date this has not been convincingly reported in the general population. Ecological studies have again been inconsistent or null [e.g. see refs. (29) (30) (31) ], and a case-control study which showed a significant association of leukemia risk with increasing radiation dose in Ukraine (but not in Belarus or Russia) could be due to sampling-derived bias (32) . In the UkrAm and BelAm cohorts of children there have only been 11 cases of leukemia, suggesting a small but nonsignificant increase in risk (33, 34) .
Results from ecological studies of breast cancer in the general population have been inconsistent with some suggesting increased risks [e.g. see refs. (35, 36) ] and others were null [e.g. see ref. (37)]. In the UkrAm and BelAm cohorts of children there are only 10 reported breast cancer cases to date. Dr. Lydia Zablotska (University of California, San Francisco) noted that the latency period for solid cancers, including breast cancer, is long. For example, it was not until approximately 20 years after the atomic bombings in Japan that an increase of solid cancers, other than thyroid cancer, became evident (38) . Therefore, further follow-up of potential Chernobyl radiation-related breast cancers appears to be warranted. Also, the women in these studies are currently younger than 50 years old, below the age of onset for most breast cancers.
Outside the highly affected countries there have been a number of reports and ecological studies suggesting possible increased cancer risks in Europe due to fallout from Chernobyl. Since the doses were low (,2 mSv), and not possible to estimate on an individual basis, it seems unlikely that there have been detectable excesses. A risk projection study estimated that there could be 1,000 additional leukemia cases and 2,000 additional breast cancer cases related to Chernobyl fallout in the rest of Europe by the year 2065, which is a very small fraction compared to the background rates in this population of approximately 500 million people (28) .
Key Points
Studies of the general population who were exposed to 131 I in the months after the Chernobyl nuclear accident have demonstrated significant excess of thyroid cancers after exposure in childhood, which was substantially greater than originally expected (but compatible with external exposure risks). To date there are no measurable increases of breast cancer or leukemia in the general population exposed to radiation from Chernobyl. Longer-term passive follow-up via cancer registries of the cohorts of children with wellcharacterized doses could be useful to confirm that these findings for thyroid cancer, breast cancer and leukemia hold later into adulthood.
OTHER HEALTH EFFECTS
Symposium participants discussed three health effects, other than cancer, from exposures to the Chernobyl nuclear accident: cataracts, cardiovascular health effects and health effects from in utero exposure. These effects are described in the following sections.
Cataracts
Depending on the type and delivery of ionizing radiation, exposures can lead to the loss of clarity in the lens of the eye, later resulting in clouding or opacifications known as cataract, which can cause significant visual impairment. Dr. Norman Kleiman (Columbia University, New York, NY), noted that in the past, eye exposure guidelines were based on the notion that radiation-induced cataract is a ''deterministic'' effect with a relatively highthreshold radiation dose (of perhaps 2 Gy for acute exposures and 5-8 Gy for chronic exposures). These guidelines were based primarily on information from radiation therapy patients. However, there is more recent epidemiologic evidence to suggest that, although significant uncertainty still exists, the data are consistent with a lower (perhaps even as low as 0.5 Gy for acute and protracted exposures) or even a nonthreshold model for radiation-induced cataract (39) . Most recent guidelines from international (39, 40) and national (41) radiation protection organizations recommend lower exposure limits for the lens of eye. The implications and applications of such limits are now being explored (42, 43) .
Chernobyl studies have contributed to the recent change in guidelines for lens protection. Key studies include the resident school children exposed to radioactive contamination of 137 Cs deposits in the Ukraine (44), initial dosimetry (including to the eye lenses) for the recovery operation workers (45), a small cohort study that included people with ARS (46) and a comprehensive study of 8,607 recovery operation workers exposed between 1986 and 1987 and examined 12-14 years postirradiation (47, 48) 
Cardiovascular Health Effects
Dr. Kiyo Mabuchi (NCI) noted that CVD effects of lowdose radiation continue to be evaluated in Chernobyl studies and other populations, including the Japanese atomic bomb survivors (50, 51) . With respect to radiation protection standards, the high-baseline rates of CVD in many populations increases the concern regarding absolute risks of CVD.
The United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (52) reviewed epidemiological data on CVD effects after the Chernobyl accident. Most notable was a significant dose-response relationship found for various CVD end points in the Russian recovery operation workers (53, 54) . Since the 2008 UNSCEAR report, analyses of cerebrovascular data in the Russian recovery operation workers cohort (24) , have been updated and continue to suggest a similar excess relative risk per Gy. While this population can offer a unique opportunity for continued study, there are several difficulties in studies of CVD outcomes, including the following:
1. The large number of potential confounding variables (e.g., smoking, dietary factors and concurrent diseases and conditions) for CVD. 2. Misclassification of CVD diagnosis. 3. Lack of understanding of the biological mechanisms related to CVD risk at low radiation doses.
The International Commission on Radiological Protection (ICRP) (39) evaluated the epidemiological data suggesting the persistence of CVD effects after radiation exposure in various settings, including Chernobyl study populations. The ICRP concluded that ''a judgment can be made of a threshold acute dose of approximately 0.5 Gy for both cardiovascular disease and cerebrovascular disease'' (39) . In the absence of specificity in the available evidence, the threshold dose is assumed to be the same for acute, fractionated and chronic exposures.
Health Effects of In Utero Radiation Exposure
Several reports on the effects of in utero exposure of the embryo and fetus have been developed by the ICRP (55), UNSCEAR (52) and most recently by the National Council on Radiation Protection and Measurements (NCRP) (56) . However, these reports address exposure to external radiation from prenatal medical procedures, and not with the radioiodines that are present in nuclear accident fallout.
There have been few studies on 131 I in utero exposure (57, 58) . Dr. Maureen Hatch (NCI) noted that since 2002, the NCI and the Institute of Endocrinology and Metabolism in Kiev, Ukraine have been following a cohort of 2,582 mother-child pairs exposed to radiation from Chernobyl during pregnancy [(15); see Table 3 ].
Iodine-131 readily crosses the placenta and concentrates in the thyroid gland. By approximately 10-12 weeks, when the thyroid becomes active in the developing fetus, there is rapid uptake of 131 I. By late gestation, 131 I concentration in the fetal thyroid is many-fold higher than in the maternal thyroid. In the initial research in Ukraine after in utero exposure from the Chernobyl accident (i.e., thyroid screening examinations 2003-2006), nonsignificant increases were found based on seven thyroid cancers and one Hurthle cell neoplasm detected during a screening examination in adolescence (15) . Preliminary data from the second cycle of screening (i.e., thyroid screening examinations 2012-2015) continue to show similar increases in thyroid cancer, which remain statistically non-significant. Preliminary data also show an increased and significant risk of thyroid nodules (excess odds ratio per Gy 1.26; P ¼ 0.036) and especially large nodules greater than or equal to 10 mm (excess odds ratio per Gy 4.68; P , 0.001). These findings on thyroid nodules are consistent with findings from the Japanese atomic bomb survivors in utero cohort (M. Hatch, NCI).
Because thyroid function may govern growth, the most recent research on the in utero exposed Chernobyl cohort also examined radiation dose in relationship to anthropometry. Preliminary results suggest a dose-related reduction in head circumference with the greatest reductions for those exposed early in gestation and a decrement at 1 Gy of approximately 1 cm (,1 mm at mean of 62 mGy) (M. Hatch, NCI). The biological mechanism for the observed association between radiation dose and head circumference after in utero exposure to 131 I exposure is not clear.
Key Points
Cataracts, cardiovascular health effects and health effects from in utero exposure are three health effects other than cancer that have been studied after radiation exposures from Chernobyl. Radiation-induced cataract studies, including continuing follow-up of the recovery operation workers, may facilitate the further refinement of the appropriate risk guidelines for accidental and/or occupational exposures to radiation. For CVD risk, additional studies could help resolve the shape of the dose-response relationship, identify specific target cells or tissues and end points, characterize the modifying effects of age and other factors and elucidate the underlying biological mechanisms. Studies of in utero exposure of the embryo and fetus after internal radiation exposure can provide useful guidance on environmental dose restrictions for pregnant civilians, radiation workers and/or patients.
PSYCHOSOCIAL EFFECTS AND COMMUNITY RESILIENCE
Radiation exposure has been termed ''the most dreaded'' of all risks (59) . Emergencies that involve exposure to radiation can amplify the effect of any incident on mental health due to uncertainty about the exposure and its risks, the extent and nature of health effects and the time frame for development of adverse effects (see Fig. 1 ). These adverse effects may follow immediately after exposure (if doses received are high, e.g., ARS) or emerge after several years (if doses are lower, e.g., cancer). Psychological stress on the other hand can manifest both immediately after exposure (or perceived exposure) and remain for many years. The most salient mental health consequences after radiation exposure are post-traumatic stress disorder (PTSD), depression, panic disorder, substance use problems and generalized anxiety disorder (60, 61) .
Dr. Evelyn Bromet (Stony Brook University School of Medicine, Stony Brook, NY) noted that the first attempt to quantify mental health issues in a population exposed to radiation was made after the Three Mile Island (TMI) accident in the United States in 1979 (62, 63) . The mental health of previously exposed populations including the atomic bomb survivors has not been systematically studied. There were only three reports published indicating increased mental retardation in the in utero cohort (64) , no schizophrenia in the in utero cohort (65) and an increase in generalized anxiety disorder in adults closest versus furthest from the blast of the atomic bombings (66) .
The nuclear plant accidents that followed TMI, that is Chernobyl in 1986 and Fukushima in 2011, highlighted widespread mental stress in the general population and the workers exposed to radiation. For Chernobyl, in addition to PTSD, depression and increased risk of poor mental health in the population evacuated, an increased number of suicides was reported among the recovery operation workers of the Estonian cohort (67) (see Table 2 ). The Chernobyl Forum reported PTSD and poor subjective health in mothers of young children and emergency recovery workers, but higher resilience in young children (68) . However, no intervention programs were established for those affected nor was mental health screening incorporated into the various studies of health effects after Chernobyl. Mental health problems and impaired social well-being were also major issues after the Fukushima accident (69, 70) .
Dr. Bromet made several suggestions related to research on accidents that involve radiation, including the following:
1. Involve study participants in all phases of research (that is in planning, content, execution, interpretation and presentation of results). 2. Assess physical and mental health effects equally. 3. Identify an appropriate comparison group. 4. Plan feedback methods for participants.
Dr. Dean Kilpatrick (Medical University of South Carolina, Charleston, SC) and Dr. Benjamin Springgate (Louisiana State University, Baton Rouge, LA) discussed parallels in mental health effects of disasters that involve radiation with those that do not. They defined ''disasters'' as large-scale incidents that effect many people at the same time, involve threats of potential physical harm or mortality, widespread destruction of property and infrastructure with concomitant disruption of access to basic resources (e.g., food, water, shelter, utilities, social services, medical aid). They noted that community resilience is key to adapting to or recovering from both natural and man-made disasters and that it requires individual, organizational and community engagement. Elements of community resilience include information and communication, economic development, social support and community wellness, including access to health and social services (71) . Plans to build community resilience after a radiological incident are in the preliminary stages.
Key Points
Psychosocial effects after a nuclear reactor accident are a great burden on the population at large. These effects need to be better investigated by incorporating mental health screening into the various studies of health effects after an accident. 
ADVANCES IN RADIATION RESEARCH
The Chernobyl accident did much more than improve our understanding of radiation health effects. It contributed greatly to advances in radiation research tools and to the creation of an infrastructure for further epidemiological and radiobiological studies. The advances in radiation research discussed at the symposium were on biodosimetry, medical countermeasures, tissue banking and genetic markers. These presentations focused on efforts from individual institutions and did not provide an overview of the current state of advances in radiation research.
Biodosimetry
Biodosimetry is the measurement of physiological or biological response to ionizing radiation to determine the exposure dose to an individual. Dr. Lynne K. Wathen [Biomedical Advanced Research and Development Authority (BARDA), Washington, DC] noted that in all potential radiation incidents, the population is likely to encounter a number of complex radiation exposure scenarios, including different dose ranges and dose rates. Therefore, triage and definitive radiation biodosimetry will require multiple tests to measure absorbed dose.
There are five quantitative biodosimetry assays currently under development by the U.S. Department of Health and Human Services Office of the Assistant Secretary for Preparedness and Response (ASPR)-BARDA Biodosimetry Program. These assays fall under the following two types of testing:
1. Point-of-care testing to determine whether an individual has absorbed a minimum threshold radiation dose and needs further medical care. 2. High-throughput laboratory-based testing to estimate the actual absorbed dose that a person has received.
Point-of-care testing typically involves minimal complexity of operation and results are available quickly, within 15-30 min. High-throughput laboratory-based testing typically requires trained personnel to run the tests and results are available within 24 h. Both types of testing are intended to evaluate up to one-million individuals within seven days after an event, and their results are intended to be used in conjunction with signs, symptoms and hematology tests, to give health care providers additional information to treat those exposed.
Dr. Wathen provided some details about the five assays currently under development. Two of these assays are intended for point-of-care testing and three are intended for high-throughput laboratory-based testing.
Point-of-care assays currently under development are a multiplex lateral-flow immunoassay test and a multi-array cartridge-based electrochemiluminescent test. Both assays use capillary (fingerstick) blood samples to detect protein biomarkers that increase after gamma or X-ray exposure. Two of the three high-throughput assays under development use changes in gene expression patterns to determine the extent of radiation damage from whole blood drawn into specialized collection and stabilization blood tubes. The third high-throughput assay advancing toward a product measures chromosomal damage and micronucleus generation to predict absorbed dose (L. Wathen, BARDA).
Medical Countermeasures
Medical countermeasures are intended to treat the exposed population after a large-scale radiological incident. To date, two radiation medical countermeasures have been approved by the Food and Drug Administration (FDA) to treat ARS leading to bone marrow failure after total-body irradiation (72, 73) . Dr. David Cassatt [National Institute of Allergy and Infectious Diseases (NIAID), Bethesda, MD] noted two pieces of data that were instrumental in obtaining FDA approval for these medical countermeasures:
1. Data on the natural history of radiation injury after the atomic bombings in Japan and the Chernobyl accident, in which the LD 50 (lethal dose of radiation resulting in 50% mortality in humans) was established at 4.1 Gy and 8.9 Gy, respectively (74). 2. Data on the human neutrophil response to radiation exposure derived from the Chernobyl emergency and recovery operation workers (75) .
Regarding the first piece of data, the disparity between the two doses is due to the medical management received by individuals exposed at Chernobyl compared to lack of medical management of ARS victims after the atomic bombings. For the second piece of data, investigators were able to reproduce comparable mortality curves as well as demonstrate similar patterns of radiation-induced neutropenia in primates (76) . This led to the establishment of primates as valid animal models for radiation medical countermeasure testing. In these models, both FDAapproved medical countermeasures improved 60-day postirradiation survival and improved neutrophil recovery in the primates irradiated with an LD 50 (76, 77) .
Dr. Cassatt noted that future research will focus on addressing the use of the two FDA-approved medical countermeasures in special populations such as pediatric and geriatric populations, pregnant women and people with preexisting medical conditions. Additional future research focus is the development of medical countermeasures against other ARS system failures (e.g., gastrointestinal, lung, cardiovascular, renal and neuronal).
Tissue Banking
The Chernobyl Tissue Bank was established in 1998 and contains tissue samples from patients with thyroid carcinoma or cellular follicular adenoma who were children or young adults residing in highly contaminated areas in Ukraine and Russia at the time of the Chernobyl accident. Dr. Geraldine Thomas (Imperial College London, London, UK) noted that the Chernobyl Tissue Bank is supported by the governments of Ukraine and Russia, with financial support from the NCI, the European Commission, the Sasakawa Foundation of Japan and the World Health Organization (WHO). Imperial College London is the coordinating center for the bank.
Dr. Thomas noted that the Chernobyl Tissue Bank is the first tissue bank of its type; it provides multi-format and pathologically assured, biological samples to international research groups and an infrastructure to track and collate research results from each individual sample. The aim of the Chernobyl Tissue Bank is to establish a data repository for studies taking an ''integrated biology'' approach to understanding the mechanisms that underpin development of thyroid cancer. The Chernobyl Tissue Bank currently archives information and samples from more than 4,500 thyroid cancer cases. It has supported over 30 research projects by administering tissue samples and linked data.
Genetic Markers
Dr. Yuri Nikiforov (University of Pittsburgh Medical Center, Pittsburgh, PA) discussed the evolution of understanding the genetics of post-Chernobyl radiation-induced thyroid cancers. He noted that early studies were driven by specific hypotheses and followed single gene approaches to identify somatic alterations of genes encoding proteins involved in the mitogen-activated protein kinase (MAPK) signaling pathway, including point mutations of the BRAF and RAS genes (78) (79) (80) and gene fusions involving RET (81-83) and NTRK1 tyrosine kinases (84) . More recent studies are hypothesis-neutral and have used whole genome sequencing approaches. These studies have demonstrated a relationship between gene fusions and 131 I exposure in postChernobyl thyroid cancer and have provided further evidence for the link between chromosomal rearrangements and radiation exposure.
A prototypic example of such chromosomal rearrangements is the RET gene fusion known as RET/PTC (85), seen in 30-80% of post-Chernobyl cancers. More recently, another rearrangement, ETV6/NTRK3, has been found to be common and detectable in approximately 15% of radiation-related thyroid cancers. Dr. Nikiforov said that these rearrangements appear to be associated with 131 I dose received during the accident and can be induced in cultured human thyroid cells exposed to various types of ionizing radiation.
Genes participating in RET/PTC rearrangements are located close to each other in the nuclei of normal thyroid cells, providing a structural basis for misjoining free DNA ends located in proximity to each other. Dr. Nikiforov noted that it remains unknown if such oncogenic chromosomal rearrangements are formed as a direct result of DNA double-strand breaks induced by exposure to radiation or indirectly and via what mechanism of DNA repair.
Dr. Stephen Chanock (NCI) described two NCI-Ukraine collaborations that pioneer whole-genome-sequencing in radiation-exposed populations. The first is a study that aims to characterize the genomes of radiation-related thyroid cancers. The goal is to compare tissue samples from 450 radiation-related thyroid cancers that were collected as part of the UkrAm cohort (see Table 3 ) to 50 sporadic thyroid cancers as well as to normal adjacent tissue or peripheral blood. All tissues used in this study are archived at the Chernobyl Tissue Bank. The study is modeled on The Cancer Genome Atlas (TCGA) and will include copy number variation, methylation, microRNA, large RNA and whole genome/exome sequencing.
Preliminary analysis of the pilot study of 50 tumor tissues showed a relatively ''quiet'' mutational signature of the radiation-induced thyroid cancer genomes; there were 20 to 40 times fewer mutations compared to melanoma or lung adenocarcinoma, cancers that are linked to ultraviolet-(UV) light exposure and cigarette smoke, respectively. The mutations that were observed to occur in radiation-related thyroid cancers were discrete events as opposed to a clustering within a certain region of the DNA, a phenomenon known as ''kategis,'' which is common in brain and bone tumors. Point mutations on the BRAF gene were observed among older individuals exposed to lower radiation doses (,100 mGy) (S. Chanock, NCI).
Dr. Chanock noted that this quiet mutational signature makes it more difficult to understand, in terms of the genome, what drives these radiation-related thyroid cancers. Interestingly, the mutational signature observed [denoted as signature 1 in Sanger Institute's Catalogue of Somatic Mutations in Cancer (COSMIC); see: http://cancer.sanger. ac.uk/cosmic/signatures] correlates positively with age at time of cancer diagnosis. When the analysis is complete using all 450 available radiation-induced thyroid cancer tissues, Dr. Chanock and colleagues hope to draw more robust conclusions on the mutational signature of radiationinduced thyroid cancers, if any exist, and investigate the relationship with radiation dose.
Dr. Chanock also discussed the application of whole genome sequencing to investigate heritable effects (referred to as ''genetic effects'' in the 1950s) of radiation exposure. To date, information on the genetic effects of radiation comes almost entirely from animal studies. The Trios Study, another NCI-Ukraine collaborative study, searches for mutational patterns in the exposed parents (father and/or mother) that may have been transmitted to the offspring. It aims to recruit 450 trios of mother, father and child born more than one year after the Chernobyl accident, from the cohorts of Ukrainian recovery operation workers and evacuees. A pilot study of 50 trios is close to completion and preliminary results are expected by 2018 (S. Chanock). The analysis plan includes whole genome sequencing, SNPmicroarray, methyl-microarray and RNA sequencing to assess rates of minisatellite mutations, de novo mutations, recombination rates and methylation patterns (S. Chanock).
Malformations after exposure from Chernobyl such as rates of neural tube defects, conjoined twins and teratomas were not discussed at the symposium.
Key Points
The application of cutting-edge genetics in the Chernobyl populations promises to provide novel insights into radiation carcinogenesis in the next decade. The Chernobyl Tissue Bank has facilitated these unique studies and serves as a model for other scientists interested in establishing similar resources.
RESEARCH ON THE AFTERMATH OF CHERNOBYL
Dr. Jonathan Samet (University of Southern California, Los Angeles, CA), gave a presentation titled ''Research on the aftermath of Chernobyl: Have lessons been learned?'' Here, he used the holistic WHO definition of ''health,'' which embraces not only disease but also well-being. Based on this definition, ''radiation health effects'' extend beyond the physical health effects of radiation exposure, such as cancer, to include psychosocial effects after the acute and chronic stress of potential exposure to radiation and loss of normalcy due to displacement, loss of employment, diminished economic opportunities and stigmatization. Figure 1 summarizes how a nuclear reactor accident can have acute and long-term consequences and captures what has followed the Chernobyl accident over the last 30 years.
Of the four major nuclear reactor accidents to date [Windscale (UK, 1957); Three Mile Island (U.S., 1979); Chernobyl (Ukraine, 1986); and Fukushima (Japan, 2011], Chernobyl is by far the most studied. The examples of surveillance, screening and systematic evaluation of cancer incidence in the general population in the areas around Chernobyl have provided background information for the Japanese government and researchers in their response to the 2011 Fukushima Daiichi nuclear power plant accident. However, one critical issue is the extent to which the findings from Chernobyl can be extended to Fukushima or other accidents and radiological incidents that may occur in the future. There were unique aspects of the societal and historical context of the Chernobyl accident that may limit extending the findings on psychosocial consequences to Japan post-Fukushima or elsewhere. Nonetheless, there is a large volume of literature on studies of those exposed to Chernobyl and even more literature on disasters in general. These studies provide valuable background information and foundation for predicting, monitoring and, to some extent, managing the psychosocial consequences of future accidents and incidents.
Dr. Samet addressed the rationale for doing research after a nuclear reactor accident. He recognized that even by 1986, when the Chernobyl accident occurred, much was known about cancer risks associated with radiation exposure, due in particular to the studies of the Japanese atomic bomb survivors. Reasons were given to justify further research:
1. Advance understanding of what is already known, e.g., refining cancer risk estimates; 2. Address identified uncertainties, e.g., completing hazard identification for additional outcomes; and 3. Monitor for unanticipated consequences, which may be unexpected or inconsistent with strongly held evidencebased priors.
Dr. Samet made a distinction between ''research'' for the purpose of generating new knowledge versus ''surveillance'' for the purpose of tracking populations to identify events that may need follow-up and intervention. Both research and surveillance potentially have roles after a radiological incident, as documented by the Chernobyl accident; the epidemic of childhood thyroid cancer was identified through clinical encounters with the background of known 131 I exposures while more formal research studies were undertaken with dose reconstruction so that quantitative risks could be estimated. Over time, the research results have served some of the original purposes, including refining estimates of the risks to health posed by radiation exposure and building biospecimen banks that have become increasingly useful to methods as they emerge. By contrast, surveillance has been limited and fragmented, in part because of major geopolitical changes in the nations affected by the disaster in the ensuing three decades. Specifically, the breakup of the Soviet Union in 1991 brought many fundamental changes, including economic collapse and reformation of the health system in some of the countries that emerged.
Research results presented at the symposium captured the most critical findings from the epidemiological studies initiated after the accident: the unexpectedly high rate of thyroid cancer in children; the suggested increased risk of CLL in recovery operation workers; increased risk of the non-stochastic outcome, cataract, at lower than expected doses, based on prior studies; and widespread and lasting psychosocial effects. Although psychosocial effects have previously been cited as one of the most significant adverse consequences of the Chernobyl nuclear accident, the relevant research has been less systematic and poorly funded in comparison to the various cohort studies directed at physical health effects of radiation exposure. The work of Dr. Bromet (Stony Brook University School of Medicine) and colleagues, in particular, underscores the psychosocial effects and the need for immediate and sustained tracking and interventions to mitigate them. Dr. Bromet offered specific recommendations on methodologies for addressing psychological consequences (see previous section).
The presentation by Dr. Samet ended with a list of lessons learned (Table 4 ). In addition to this, he cited the work of Dr. Andre Bouville and colleagues in proposing guidelines for exposure assessment after a nuclear accident (86) . The proposed guidelines were, to the extent possible:
1. Compile a list of those exposed to the accident; 2. Collect individual-based radiation measurements; 3. Collect information that can be used for radiation dose estimation (e.g., location at the time of exposure and relevant dietary information); 4. Collect information on the spatial and temporal variations of the radiation field (e.g., exposure rates of airborne radionuclides at all locations); and 5. Validate the dose estimates and estimate associated uncertainties.
The availability of these guidelines offers a needed starting point for a rapid response in the event of another accident involving a nuclear power plant.
Looking to the future, Dr. Samet's presentation highlighted the opportunities of 21st Century science presented at the symposium: biomarkers of dose and application of genomics and other ''omics'' to biobank specimens. This type of 21st Century science has already been applied to provide insights in radiation-induced thyroid carcinogenesis. Such research is best performed by multidisciplinary teams that include epidemiologists, laboratory scientists and exposure assessors, along with analysts who can integrate the resulting data. At closing, Dr. Samet raised the question of whether organized, formal prospective planning is needed to provide guidelines, templates and decision points in the event of future disasters. Such prospective planning might have been of benefit in responding to the Fukushima power plant accident. The ''orphan'' of adverse effects Community-based methods can be used to assess this effect Approach with multi-level models that include individuals and communities Tie research needs to intervention and evaluation a These ''lessons learned'' were presented at the symposium by Dr. Jonathan Samet, University of Southern California.
